The dipolarization front (DF), usually observed near the leading edge of a bursty bulk flow (BBF), is thought to carry an intense current sufficient to modify the large-scale near-Earth magnetotail current system. However, the physical mechanism of the current generation associated with DFs is poorly understood. This is primarily due to the limitations of conventional plasma instruments which are unable to provide a sufficient number of unaliased 3-D distribution functions on the timescale of the DF, which usually travels past a spacecraft in only a few seconds. It is thus almost impossible to unambiguously determine the detailed plasma structure of the DF at the usual temporal resolution of such instruments. Here we present detailed plasma measurements using the Cluster Plasma Electron and Current Experiment and Cluster Ion Spectrometry-Composition and Distribution Function ion data for an event during which it was possible to observe the full pitch angle distribution at a cadence of 1/4 s. The observations clearly show details of plasma substructure within the DF, including the presence of field-aligned electron beams. In this event, the current density carried by the electron beam is much larger than the current obtained from the curlometer method. We also suggest that the field-aligned current around the DF obtained from the curlometer method may have been misinterpreted in previous studies. Our results imply that the nature of the DF current system needs to be revisited using high-resolution particle measurements, such as those observations shortly to be available from the Magnetospheric Multiscale mission.
Introduction
Bursty bulk flows (BBFs) are thought to be key structures in the magnetotail for transporting mass and magnetic flux from the midtail to the near-Earth region. Angelopoulos et al. [1992 Angelopoulos et al. [ , 1993 defined BBFs as intervals of fast (>100 km s −1 ) earthward plasma flow with peak velocities above 400 km s −1 . These intervals were shown to be associated with decreased plasma pressure or entropy and were of limited cross-tail extent (1-3 R E [Nakamura et al., 2004] ), and thus described as plasma bubbles [Chen and Wolf , 1993] . BBFs also have a more dipolar magnetic field orientation than their surroundings, bounded by field-aligned currents [Sergeev et al., 1996; Sitnov et al., 2007; Forsyth et al., 2008; Walsh et al., 2009] . The BBFs propagate toward the Earth and divert in the near-Earth magnetotail at ∼8-10 R E [Shiokawa et al., 1997; Kissinger et al., 2012; Yao et al., 2013a; Shang et al., 2014] . The braking of this flow is suggested to cause flow vortices [Birn et al., 2004; Keiling et al., 2009; Shi et al., 2013] and to form an azimuthal plasma pressure gradient in the near-Earth magnetotail [Yao et al., 2012; Birn and Hesse, 2013] , both of which can be sources of magnetic field-aligned currents in the magnetosphere [Sato and Iijima, 1979; Lui, 1996] . Inertial current in the flow braking region is usually ignorable [Shiokawa et al., 1997; Kepko et al., 2001] . Subsequent studies showed that the magnetic field at the earthward edge of BBFs becomes dipolarized over distances equivalent to a few ion skin depths; this region is known as the dipolarization front (DF) [Nakamura et al., 2002] .
The interaction between a DF and the ambient plasma ahead of it leads to particle acceleration Artemyev et al., 2012; Eastwood et al., 2015] and current redistribution [Yao et al., 2014 . Recent multisatellite studies with the four Cluster spacecraft separated by ∼200 km show that the average scale of DFs is ∼1000 km, which is comparable to the local ion gyroradius . Simulation results suggested the formation of the ion gyroradius scale structure is due to the action of the ballooning/interchange instability [Pritchett, 2015] . Previous studies also suggested that organized current structures exist ahead of Anisotropy of the electron population around DFs has been reported in many previous studies. The electron anisotropy potentially provides a free-energy source to generate a plethora of plasma waves [Chen, 1984; Yoon and Davidson, 1987] , which are capable of producing particle acceleration [Horne et al., 2005; Ni et al., 2006; Summers et al., 2007; Zhou et al., 2009] and which may also cause auroral brightening [Watt and Rankin, 2009; Thorne et al., 2010] , and to drive substorm onset aurorae [Horne et al., 2003] . Betatron and Fermi acceleration have been proposed as the two main generations of anisotropies [Ashour-Abdalla et al., 2011; Fu et al., 2011; Tang et al., 2013 Tang et al., , 2016 Hwang et al., 2014] . This conclusion of Fermi and Betatron accelerations of electrons was mainly based on observations of the electron pitch angle distribution (PAD). However, the same PAD could be generated by other mechanisms. Anisotropy could also arise as a result of beams from the auroral acceleration region as was reported for the case of beams around the DF observed in Zheng et al. [2012] , although this beam cannot be directly proved to come from the ionosphere due to the limitation of instrument angular resolution. Previous studies have also presented analyses of parallel electron flux enhancements related to DF [Deng et al., 2010; Zhou et al., 2011; Zheng et al., 2012; Fu et al., 2013] . However, considering the width of the DFs and their propagation speed across the spacecraft, the observations of the particle distribution functions, typically restricted to the spin period of the spacecraft, are not well resolved. Observations of DFs with higher time resolution than a to date typical spin period are essential to reveal the detailed particle structure of DFs. For example, Zhou et al. [2013] reported rapid direction change of field-aligned current within the DF, they were not able to check the corresponding particle behaviors because the time resolution of particle measurements is longer than these structure durations.
In this paper, we present a DF event observed by Cluster on 29 August 2003. As described in Fazakerley et al. [2010] , electron PAD (Plasma Electron and Current Experiment (PEACE) snapshot PAD) data product were collected during 1/8 s with high-energy and pitch angle resolution twice per spin but are not continuously available. In this event, for a few seconds, the magnetic field became closely aligned to the spin axis of the Cluster satellites. As a result, observations of the particle distribution at each spin azimuth correspond to a 0 ∘ -180 ∘ PAD, which provides us with a unique opportunity to study the dynamic plasma features on the DF with continuous 1/4 s resolution [Khotyaintsev et al., 2006; Schwartz et al., 2011; Varsani et al., 2014] . For the first time, we report the substructures of ion and electron populations on the DF and show details that are not in the spin-resolution observations. We also discuss the inaccuracy of calculating the DF-related field-aligned current calculated from the curlometer method [Dunlop et al., 1988; Robert et al., 1998 ]. Our results using higher time resolution observations show very different properties of field-aligned currents (FACs) associated with DF, compared to previous studies using spin-resolution particle data [e.g., Runov et al., 2011 and Sun et al., 2014a] . Higher time resolution observations from the Magnetospheric Multiscale (MMS) mission [Curtis, 1999; Mauk et al., 2014] will bring fundamental new understanding about the DF, which we believe will be different from the results from previous studies with spin-resolution observations.
Observations

Event Overview
In this paper, we study a DF event observed at ∼13:43:30 UT on 29 August 2003, when the Cluster satellites were located at [−17.48, −2.97, 1.51 ]R E in Geocentric Solar Ecliptic (GSE) coordinates. At this time, the four Cluster spacecraft were separated by ∼200 km. All results in this paper are presented in GSE coordinates.
This event was previously reported by Huang et al. [2012] and Sun et al. [2014a] . In their paper, they focus on the current circuit between the leading and trailing edges of a BBF. Here we examine the dynamic features of ions and electrons and compare these with the currents on the DF. The spacecraft data rate was normal, not burst, so the availability of 3-D PEACE data was limited except on Cluster 2 where PEACE also uses Cluster Ion Spectrometry (CIS) telemetry. PEACE 3-D data are from the 3DR product with 16 azimuths reduced from the measured resolution of 32 azimuths [Fazakerley et al., 2010] . Figure 1 shows magnetic field data of (a) Cluster 1 and (c) Cluster 2 from fluxgate magnetometer (FGM) [Balogh et al., 2001] ; Figure 1 shows (b) proton differential energy flux from Cluster 1/Composition and Distribution Function (CODIF) [Rème et al., 2001] , (d) electron differential energy flux from Cluster 2/PEACE [Johnstone et al., 1997] , and (e) the proton bulk velocity moments from Cluster 1/CODIF. The magnetic field data from both spacecraft show a rapid (∼2 s) increase in the B z component of the magnetic field centered on ∼13:43:29 UT, which precedes an enhancement of the proton velocity observed by Cluster 1, indicating that the spacecraft encountered a DF at the earthward edge of a BBF. The peak velocity of this BBF is ∼900 km s −1 . The DF was observed ∼50 s before the flow peak, when the bulk velocity was ∼100 km s −1 .
We calculated the propagation speed of the DF with the minimum directional derivation (MDD) [Shi et al., 2005] and spatio-temporal difference (STD) [Shi et al., 2006] methods from the time differences between the four spacecraft in observing the DF magnetic structure. We find that the DF structure passed over the satellite constellation with a velocity of ∼220 ± 40 km s −1 in normal direction, i.e., [0.703, − 0.710, 0.037] .
The MDD analysis also shows that this DF is a quasi 1-D structure. This velocity is an average of STD result between 13:43:28 UT and 13:43:30 UT, which is very consistent with the timing method (called constant velocity approach) [Russell et al., 1983] . For 1-D structure, the STD and timing method should give similar result. The STD can also be applied in calculating the propagating speed for 2-D and 3-D structures [Shi et al., 2006] . More details about the propagating speed analysis is given in our supporting information Figures S1 and S2. Considering the roughly 2 s duration of the DF observations, we thus estimate a spatial scale of ∼440 km for this structure, which is about twice the satellite spatial separation and comparable to the local ion gyroradius (the ion gyroradius is 758 km for 3 keV ions in the magnetic field of 10 nT) as concluded in previous studies [e.g., Runov et al., 2011 and Yao et al., 2013b] .
As mentioned above, the energy flux spectrum of ions and electrons from the 2-D distribution for each azimuthal sweep is available at 1/4 s resolution in each distribution. For the ion data, the 3-D velocity distribution was translated for every other spin (∼4 s), while for the electron distribution, on Cluster 2 only, there are continuous 3-D distributions for the duration of this event. As indicated by the rectangle (4 s duration) in Figure 1 , 3-D distribution for ions and electrons are available across the sudden B z increase region. Clear variations in both electron and ion features can be identified within the high-resolution spectrum, which we examine in detail in the following sections.
Continuous PAD Observations of Electrons From Cluster 2/3DR Data
The PEACE electron spectrometers on Cluster can measure the 3-D velocity distribution of electrons in the energy range from ∼0.7 to ∼27 000 eV. They consist of a High Energy Electron Analyser (HEEA) and a Low Energy Electron Analyser (LEEA), which are located on opposite sides of the spacecraft. When the spacecraft is using normal mode telemetry rate, the PAD of the electrons is generated and transmitted once per spin (every ∼4 s) from each sensor and a reduced 3-D distribution is also transmitted less frequently due to telemetry restrictions. However, on Cluster 2, these 3-D data are more frequently transmitted, due to a higher telemetry budget for PEACE on that spacecraft. The 4 s temporal (spin) resolution is often sufficient for analysis of the plasma properties, when the magnetic field or plasma do not exhibit much variation within one spin. However, for fast-varying events such as the DF, the magnetic field and plasma change substantially within a spin as the DF pass the spacecraft; and therefore, a higher temporal resolution is required to study these structures. In special cases, when the magnetic field vector is closely aligned (<30 ∘ ) with the spacecraft spin axis, the 3-D distributions can be used to obtain continuous PAD data at a cadence much quicker than 4 s. This method has been previously used by Khotyaintsev et al. [2006] , Schwartz et al. [2011], and Varsani et al. [2014] to obtain new insights into fast-varying electrons behavior, respectively, at the reconnection separatrix region, at the bow shock, and within a flux transfer event.
For the DF event that is presented in this paper, both LEEA and HEEA sensors on Cluster 2 were in operation, LEEA measured the 3-D distribution data in High Angular Resolution (HAR) mode (64 sweeps in one spin) across the energy range ∼80 eV to ∼2 keV, and HEEA was in Medium Angular Resolution (MAR) mode (32 sweeps in one spin) covering energies from ∼34 eV to ∼26 keV [Johnstone et al., 1997; Fazakerley et al., 2010] . However, the reduced 3-D distribution that was transmitted has summed together some data to reduce angular and energy resolution, and so the effective energy sweep cadence is 1/4 s. As a result, both sensors can provide continuous subspin PAD from the 3-D data when the orientation of the magnetic field is in our favor. In addition to that, the overlapping energy coverage of the LEEA and HEEA sensors enables us to use simultaneously collected data from both sensors (mounted opposite side of the spacecraft) and check whether the continuous PAD from a single sensor is affected by spin modulation. Figure 2 is a cartoon to illustrate this effect. As shown in Figure 2a , when there is a small angle (e.g., <15 ∘ ), both LEEA (left) and HEEA (right) sensors can provide the parallel, perpendicular, and antiparallel components (indicated by the black areas) with 3DR data that has 30 ∘ polar resolution. However, as indicated by the mashed areas in Figure 2a , a part of the antiparallel (PA: 150 ∘ to 180 ∘ ) component is out of the view of the LEEA sensor and a part of parallel (PA: 0 ∘ to 30 ∘ ) is out of the view of the HEEA sensor. So the antiparallel from LEEA and parallel from HEEA will be underestimated. This missed population is modulated by the spin of spacecraft. After a half spin, the underestimated population would be the antiparallel in the HEEA and parallel in the LEEA sensor, as shown in Figure 2b . In case there are very narrow (within the mashed areas in Figure 2 ) counterstreaming electrons along the magnetic field, for the situation described in Figure 2a , LEEA will only show the parallel dominant beam and HEEA can only show the antiparallel dominant beam. While after a half spin period as shown in Figure 2b , LEEA will show the antiparallel component, and HEEA only show the parallel component. The PAD becomes very reliable when both LEEA and HEEA sensors have detected the same direction of electrons, although the intensities at both sensor would be different due the spin modulation shown in Figure 2 . Figure 3a shows the magnetic field from Cluster 2. Figure 3b is the angle between magnetic field and the spin axis. During the interval between 13:43:29 UT and 13:43:32 UT, this angle is below 15 ∘ , less than half 3DR polar angular resolution (30 ∘ ). We are thus able to obtain higher than spin-resolution PAD for most of the DF intervals for ions and electrons. Figures 3c-3e present the distribution of parallel (PA: 0 ∘ to 30 ∘ ), perpendicular (PA: 60 ∘ to 120 ∘ ), and antiparallel (PA: 150 ∘ to 180 ∘ ) electron phase space density (PSD) from HEEA selected energy channels at 1/4 s time resolution. The plot in Figure 3f is the energy-time spectrum of the difference between parallel and antiparallel electron PSD. We show the data from HEEA sensor in this figure, which has better coverage of energy range for the plasma sheet population. The field-parallel electron flux at a few hundred eV is significantly higher than at other pitch angles at around 13:43:29 UT, while at 13:43:30 UT the antiparallel flux at similar energy range is higher. The parallel flux distribution clearly shows that this pitch angle anisotropy is a beam-like distribution rather than a drifting Maxwellian distribution (see the supporting information). To confirm the measurement reliability of the electron beams in Figure 3f , we compared the distributions from LEEA and HEEA sensors. The LEEA and HEEA data are not collected at precisely the same time at any given energy, and the 3-D data combine four energy sweeps for LEEA and two energy sweeps for HEEA, so differences may include time variations at <1/4 s scales. Figures 3g-3i show the 2-D full velocity distributions of electrons contain the data from LEEA (left side) and HEEA (right side) for three selected sweeps. This determines that the independent sensors LEEA and HEEA detected similar beams for the selected sweeps, which confirms the PADs observations. Figure 3g shows a clear parallel (PA: 0 ∘ to 30 ∘ ) electron beam at energy <500 eV, while is clearly not observed still 0.5 s later as shown in Figure 3h . A further 0.5 s later, Figure 3i shows that the electron PSD is still dominated by the antiparallel component (PA: 150 ∘ to 180 ∘ ) at energy <500 eV. Although the full coverage of pitch angles only became available after 13:43:28.74 UT, the parallel electron beam was seen by HEEA earlier as presented in Figure 3c . The parallel beam feature is not clear in 1/4 s before 13:43:28.74 UT, which is also clearly shown from the supporting information Figure S3 . Considering that the DF structure propagates with a speed of ∼200 km s −1 , the parallel beam thus should have a scale of <50 km, which is comparable to the local electron inertial length (∼20 km at 13:43:29 UT). These short duration electron behaviors could not been detected by the spin-resolution observations in the previous papers. Figure 3 . However, between ∼13:43:30 UT and ∼13:43:32 UT, the dominant population was parallel to the magnetic field, in contrary to the observations from HEEA. The same inconsistency also exists between 13:43:32 UT and 13:43:36 UT. In addition to that, from HEEA and LEEA observations, the dominant electron fluxes switch between parallel and antiparallel every 2 s (a half spin period), which confirms that this inconsistency is due to the spin modulation discussed in Figure 2 . 
Pitch Angle Snapshot Data From PEACE
Although continuous PAD data were not available for Cluster 1, Cluster 3, and Cluster 4 during this DF observation, the onboard selection based on 3DR pitch angle snapshots provides full coverage of pitch angles and energies from 125 ms azimuthal sweeps twice each spin. These data can provide important support to the 3DR observations and are available on all four spacecraft. The polar angle resolution is 15 ∘ , which is better than the 30 ∘ resolution in the reduced 3-D distribution as shown in Figure 3 .
Figures 5a-5d show the magnetic field for the four Cluster spacecraft. As noted earlier, the DF was observed at slightly different times, which is clearer in the plot of the angle between the magnetic field and the spin axis shown in Figure 5e . Figure 5f presents the PAD of electron PSD from Cluster 1/LEEA sensor (left half ) during the energy sweep from 13:43:29.588 UT to 13:43:29.646 UT, and PSD from Cluster 1/HEEA sensor (right half ) during were observed in a large B z gradient region, while the distribution from Cluster 4 was on a large B z region with small gradient. Cluster 2 detected the earliest part of this DF, followed by Cluster 1, and then Cluster 3. This time sequence corresponds to the different parts of the DF as shown in Figure 5j , which is different from the universal time shown in Figures 5f-5i. Figures 5g-5i provide full coverage of the pitch angles from a combination of HEEA and LEEA sensors. As shown in Figures 5f and 5g , a clear parallel beam can be identified from Cluster 1 and Cluster 2 distributions at energy between ∼200 eV and ∼500 eV. This is consistent with the reduced 3-D distribution as shown in Figure 3g . In the distribution obtained at Cluster 3 as shown in Figure 5h , the parallel electron PSD is clearly higher than those population with other pitch angles, while the beam feature is not clear. Regarding the high B z region, Figure 5i shows an antiparallel dominant electron PSD, which is also very consistent with the similar region shown in the reduced 3-D distribution from Cluster 2 (Figure 3i ). We would like to point out that the electron beam observed by Cluster 2 should be very narrow, since only HEEA sensor with pitch angle <15 ∘ has detected this beam, while the LEEA sensor with pitch angle between 15 ∘ and 30 ∘ did not detect the same beam, as shown in Figure 5g . In Figure 5j , we also show the electron gyroradius (∼15 km) to provide a general structure scale in comparison to the typical electron scale. We use 2 keV (main population as shown in Figure 1 ) electron in 10 nT magnetic field to calculate the gyroradius. To further study the parallel electron beam on the DF, we compare the PSD versus energy for the distributions in Figures 5f-5h , as shown in Figure 6 . The data presented in Figure 6 were all from the HEEA sensor. We can clearly identify a bump distribution at energies between ∼200 eV and ∼1 keV for all three distributions. These observations confirm that a parallel electron beam with energy of a few hundred eV exists on the sharp B z increase region of a DF. The PSD of this beam at Cluster 2 is clearly higher than at Cluster 1 and Cluster 3.
Comparing with the time difference in Figure 5j , it seems that the electron beam was weaker in the region closer to the high B z region. We will further discuss the electrical current carried by this beam in section 3.
Observations of Ions From Cluster 1
The CIS experiments on Cluster consist of two sensors, which measure the 3-D velocity distribution of ions. The Composition and Distribution Function (CODIF) analyser provides the mass per charge composition of ions (H + , He + , He ++ , and O + ), and the hot ion analyser (HIA) which does not provide m/q distribution. Unfortunately, since launch, the CIS instrument on Cluster 2, (the spacecraft that we present PEACE data from) has not been in operation. However, the Cluster constellation gives us the opportunity to look at the simultaneous observation of ions by Cluster 1 along with electron observation by PEACE on the nearby Cluster 2 during this DF event. During the time interval that is presented in this paper, both HIA and CODIF were returning the full 3-D distribution every other spin, but we only present the CODIF data on Cluster 1, as it was the only instrument that provided the ion velocity distribution at the precise time at which the DF was observed. Just as with the electron data, we are able to use the individual azimuth sectors of the ion velocity distribution to produce the subspin PAD data during the DF event, the CODIF instrument was providing 16 sweeps per spin, enabling us to generate the PAD, nominally at every 1/4 s. However, the data transmitted from CODIF instrument have reduced azimuthal resolution, for the look directions near the spin axis (shown in the supporting information Figure S4 ), which affects the temporal resolution of the PAD data we produced. As a result, only the perpendicular population is available at 1/4 s cadence, while the parallel and antiparallel population are available at a cadence of 1 s when the magnetic field is close to the spin axis.
Unlike the electrons, depending on the ion population, the thermal velocity of ions may be comparable to their drift velocity. Therefore, when using sweep-resolution data, extra care is required for interpreting any anisotropy in the 2-D velocity distribution and to distinguish whether the flux in a specific direction is caused by thermal motion or bulk motion [Varsani et al., 2014] . Figure 7a shows the magnetic field from Cluster 1. Figure 7b shows the angle between magnetic field observed by Cluster 1 and the spacecraft spin axis. Figures 7c-7e show the ion energy spectrum for parallel, perpendicular, and antiparallel pitch angles differential energy fluxes. It is clear that the ion distribution shows two different features during the B z increase region. The observation of the field-aligned components became possible after 14:43:29 UT when the magnetic field orientation gets closely enough aligned with the spin axis (<22.5 ∘ ). Nevertheless, the perpendicular component was available since 14:43:28 UT, when the magnetic field orientation was in favor. The perpendicular flux suddenly decreased around 13:43:29 UT, while the parallel and antiparallel fluxes were relatively high. It is noteworthy that the main energy range of ion energy fluxes during this time is >20 keV, corresponding to a velocity (∼2000 km s −1 ) much larger than the observed ion bulk velocity shown in Figure 1 , i.e., ∼100 km s −1 . The bulk velocity is not likely to be a major contributor to the anisotropies. However, it is also possible that the ion is preferential perpendicular heated to the energy above the instrument upper limit. The perpendicular ion heating in a much larger spatial scale region around dipolarization front has been revealed by observations and simulations [Birn et al., 2015; Runov et al., 2013] .
Field-Aligned Current From Curlometer
In their study of this event, Sun et al. [2014a] used the curlometer method to show that an antiparallel current flowed on the DF, while ahead of the DF, where there is a magnetic dip, a parallel current flowed. As discussed in their paper, the current density inferred from the curlometer appears to be reliable since the elongation and planarity factors of the four spacecraft tetrahedron were ∼0.2. However, in their calculation of the field-aligned current, an average background magnetic field across the tetrahedron was adopted. As suggested in section 2.1, the scale size of the DF structure is about twice the satellites' separations, which means that the magnetic field inside the tetrahedron may significantly vary, thus using an average field to calculate the background magnetic field direction may introduce large uncertainties into the field-aligned current determination. To quantitatively estimate the reliability of the field-aligned current from the average magnetic field and average current density, we adopt a parameter to represent the consistency of the magnetic direction (CMD) from the four spacecraft that is defined as follows.
1. We calculate an average magnetic field for the four spacecraft at each time point. 2. We calculate the angles between the average magnetic field and the magnetic field at each spacecraft. 3. We select the maximum angle from every time point to obtain a parameter to represent CMD. Figure 8 shows the currents calculated from the curlometer alongside our new CMD parameter. Figure 8a presents the three components of magnetic field observed by Cluster 2, while the current density calculated from the four Cluster satellites in GSE coordinates is shown in Figure 8b . Figure 8c shows the field-aligned component of the current density calculated using the averaged magnetic field from the four spacecraft. The CMD parameter is presented in Figure 8d . However, the CMD was up to 70 ∘ in the region ahead of the DF, which suggest that the field-aligned current calculation may be inaccurate there. Nevertheless, the CMD on the DF was relatively small (<20 ∘ ), particularly after 13:43:29 UT, when the electron beams were detected. Thus, we conclude that the field-aligned current indicated by the curlometer shown in Figure 8c between this time period is likely reliable. We suggest that deriving FAC for CMD >30 ∘ is unreliable at best, which still needs a future study to support. We need to emphasize that the current density derived from the curlometer method is not affected by CMD at all, only the field-aligned component calculation is relevant to the CMD parameter. 
Discussion and Summary
Electron anisotropy is a common phenomenon in the magnetosphere. Hada et al. [1981] use Imp 6 measurement to show that electron anisotropy is a common feature in the plasma sheet and address this as a consequence of Fermi acceleration. Chen et al. [2000] also reported the anisotropic electron distribution in the tail current sheet with Wind 3-D plasma instrument, and they further found that this anisotropic electron distribution is usually accompanied by counterstreaming beams. Bistreaming electron distribution is also a common consequence of magnetic reconnection in the magnetotail [Øieroset et al., 2002; Owen et al., 2005; Egedal et al., 2008] . The streaming electron distribution also exists in flux rope [Wang et al., 2010] , and in the plasma sheet boundary layer has been reported in many previous papers [Wygant et al., 2002; Walsh et al., 2011] . Cluster and Time History of Events and Macroscale Interactions during Substorm (THEMIS) observations have also shown the electron pitch angle features ahead and after the DF [Fu et al., 2011; Runov et al., 2013] with spin-resolution observations. As shown in the statistical DF studies in Liu et al. [2013a] and Yao et al. [2015] , a DF structure usually last less than 7 s, which is comparable to the spin period of 3 s for THEMIS and 4 s for Cluster. It is thus impossible to show the detailed particle features for the DF with spin-resolution measurements. Moreover, it is very difficult to obtain a reliable pitch angle distribution with the spin-resolution distributions for DFs, since the magnetic field has significantly changed during one spin period. It is thus necessary and essential to investigate the particle features with higher than spin-resolution measurements for such short duration magnetic structures, such as DF.
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In this paper, we investigated a unique DF event whereby we can study the physics of the DF with continuously available unusually high time resolution PAD data for electrons and ions. We identify for the first time that clear electron beams exist on the DF associated with the enhancement of B z when observed with the 1/4 s cadence PAD. These have previously been impossible to be presented in spin-resolution measurements. The PEACE snapshot PAD data from all the four Cluster spacecraft confirm the continuous 3DR PAD observations from Cluster 2 apply over the DF. To estimate the current density carried by the beams, we adopt the velocity distribution for PEACE snapshot PAD data of Cluster 2 from 13:43:28.733 UT to 13:43:28.850 UT (as in Figure 6 ), since PEACE snapshot PAD data have better angular, energy, and time resolution than the reduced 3-D distribution. We here fit the data with a Maxwellian distribution to estimate the current carried by the electron beam. Figure 9a presents the PSD of parallel and perpendicular electrons from both the reduced 3-D distribution (HEEA) and PEACE snapshot PAD data (HEEA and LEEA). The PSD from both products is quite consistent although not exactly the same. Figure 9b shows the measurement of parallel flux (PA: 0 ∘ to 15 ∘ ) from HEEA PEACE snapshot PAD data and the fitted drifting Maxwellian distribution. Due to the limited number of data points of the electron beam distribution, we cannot perform a perfect fitting curve for this beam distribution, instead, we show two drifting Maxwellian distributions to roughly represent the upper and lower density of the current carried by this electron beam. The current density calculation depends on two parameters, i.e., the drifting velocity and the number density. The velocity (∼1200 km/s) can be reliably identified by eye from the phase space density plot ( Figure 6 ). The main uncertainty is from the density estimation. In fitting the Maxwellian distribution, the integral area represents the density. Clearly, the two fitting function shows the lower and upper boundaries of the area. The beam velocity is ∼12100-12800 km s −1 , and the thermal velocity is ∼2800-3900 km s −1 , corresponding to an energy of ∼22-43 eV. In the sweep-resolution data, the information of the perpendicular velocity distribution is missing, we here assume that the beam temperature is isotropic and obtained a density of ∼0.01-0.03 cm − 3 for this beam. We thus estimate a current density carried by this electron beam as J = neV e ≈20-58 nA/m 2 . As we discussed in section 2.3, the parallel electron beam PSD was weaker at Cluster 1 and Cluster 3. The current density estimated from Cluster 1 and Cluster 3 is ∼5 nA/m 2 (not shown in this paper), which also suggest that this beam had a short duration. As we show in our supporting information "A brief discussion about the spatial scale of the parallel beam from electron distribution," the overall duration of the parallel electron beam observation interval is at least 1 s, corresponding to ∼200 km, or about 10 electron inertial lengths/gyroradius. The most intense part of the beam was observed by Cluster 2 on a smaller scale of ∼40 km or about 2 electron inertial lengths/gyroradius. We would also like to point out that when the beam was detected by Cluster 2/HEEA and Cluster 3/HEEA, the center of instrument anode was very closely aligned to the magnetic field (∼3 ∘ , in which direction the anode covers ∼15 ∘ , not shown in this paper), which perfectly measured the parallel beam distribution. While when C1/HEEA was measuring the beam population, the center of the anode was not closely aligned the magnetic field (with an angle of ∼12 ∘ ), the beam population was thus somehow underestimated. This could explain that Cluster 1 measured the beam between Cluster 2 and Cluster 3 (shown in Figure 5j ), while the beam intensity is weakest from comparing Figures 5f-5h. Here we do not discuss the current carried by ions due to (1) the ion data at Cluster 2 was not available, only available ion data came from Cluster 1 during the DF observation; (2) resolution of the ion data at field-aligned direction is ∼1 s, which is much longer than the electron beam duration, and (3) the particle velocity for the ion at 10 keV is ∼1300 km s −1 , which is an order smaller than the electron beam velocity. The time resolution of the available ion data is less well matched to the scale of the dipolarization front than the electron data, and we did not consider it sufficient to allow an investigation of the possibility of a current (parallel or antiparallel) carried by ions. The current density is much larger than the field-aligned current density obtained from the curlometer technique. The difference is expected since we see the beam has a scale of <50 km (note that this 50 km is not a restrict upper limit, since the nearest neighbor data points may also contain part of the beam, but do not show clear features after averaged in a data sample period), while the current density from the curlometer is an average within the four spacecraft, which were separated with ∼200 km. The sweep-resolution data show that within a 200 km region, the electron dominant PSD may change direction from antiparallel to parallel, which suggest that the averaged current may smooth out these small-scale structures, although the averaged current density calculation is reliable as we discussed in section 2.5. In the present study, the energy center of the electron beam substructure is about few hundred eV, far from the potential photoelectron contamination, i.e., ∼10 eV (shown in supporting information Figure S5 ). The minimum measured energy for PEACE on both Cluster 1 and Cluster 2 was ∼30 eV, while it was ∼3 eV for Cluster 3 and Cluster 4. Active spacecraft potential control [Torkar et al., 2001] was operated only on Cluster 3 but not on Cluster 4 (though it had been expected to operate on Cluster 4). As indicated in the supporting information, it is clearly seen in the Cluster 3 data in particular that there is no significant plasma electron population below 100 eV. Considering the other three spacecraft were very close to Cluster 3 (with a separation of ∼200 km), we thus assume that the same is true for the other three spacecraft.
Considering the parallel electron beam is transient (lasted for less than 1/4 s as shown in Cluster 2/HEEA measurement), a spatial aliasing question might be raised regarding that Cluster 2/LEEA may not detecting the same energy range when Cluster 2/HEEA detected the parallel electron beam. Then the interpretation of one direction electron beam might be questionable. During the event reported in our paper, the HEEA energy sweep starts at a higher energy than the LEEA energy sweep, so the exact time at which a given energy is sampled by HEEA differs from the time that it is sampled by LEEA by 10 ms, as shown in the supporting information in Figure S6 . We have reported a parallel beam that is predominantly confined to one energy bin. The antiparallel looking sensor would only miss an antiparallel beam of the same energy if it persisted less than 0.01 s after the parallel beam was observed. However, the other two spacecraft (C1 and C3) have also detected this parallel beam, showing that it persisted for at least 0.7 s (e.g., consider the beam times given in Figure 6 ). This is significantly longer than an individual energy sweep, so we would expect to have seen the hypothetical antiparallel beam whether it existed at the same energy as the parallel beam or another energy in the sampled energy range. In consideration of the DF's propagation speed that is about 200 km/s, 0.01 s time difference means 2 km spatial difference, which is even much smaller than electron gyroradius or electron inertial length (the radius of a 2 keV electron in 10 nT magnetic field should be 15 km). In this study, we do not have a particular reason to assume a significant spatial nonuniform in 2 km.
It is widely reported that the FAC associated with the DF is in Region-2 sense in the magnetic dip region ahead of DF and Region-1 sense in the front layer region Liu et al., 2013b; Sun et al., 2013] . However, with these novel high-resolution PEACE observations, substructures, i.e., the parallel electron beam and antiparallel dominant electron PSD, are identified on the sharp B z increase region with <100 km spatial scale. Our new findings reveal that the previous descriptions of the field-aligned current system near the DF may not be accurate since the separations of Cluster spacecraft are much larger than the scale of electron beams on the DF. Although magnetic variation could also due to the systematic current of BBFs, such as the large-scale Regions 1 and 2 current system Sun et al., 2013] , we suggest the current density carried by the electron beams is a localized current structure in consideration of two main reasons.
(1) The current density in our event is significantly higher than the BBF's FAC density . (2) This current was observed in a magnetic field environment characterized by B x ∼ 0 and B y ∼ 0. Since Region 1 (or Region 2) current presents opposite direction on dawnside and duskside, it is thus expected to see minimal current density in the central region, as characterized by B y ∼ 0. In addition, Region 1 (or Region 2) current also shows asymmetry in both hemispheres; in the equatorial plane, field-aligned current is minimal, and the main current is perpendicular to the magnetic field, as shown in Birn and Hesse [2014] .
In previous studies, DFs are usually considered as tangential discontinuities [Schmid et al., 2011; Liu et al., 2015] . We perform the minimal variance analysis [Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998] It is noteworthy that the normal direction is slightly different from the normal direction from STD, because the calculation of the normal direction in STD includes the magnetic field from all four spacecraft. The MDD and STD methods have been widely used to determine the propagation speed of a magnetic structure, without preassuming the magnetic structure is a 1-D structure [Shi et al., 2009a [Shi et al., , 2009b Denton et al., 2012; Shi and et al., 2014] . The three eigenvalues are 34.6, 0.16, and 0.0088. The maximum variable was mostly in Z GSE . And the minimum direction was in earthward dawnward direction. The eigenvalue for the minimum variable is much smaller than the intermediate value, which suggests that the change of magnetic field in that direction is ignorable. Figure 10 shows the magnetic field in NML coordinates. Here we define L = N × M. It is clear that the maximum variable is also the dominant component around 13:43:29 UT. The L component current can be expressed as Figure 10 ), which is almost the same time interval as the energy sweep in Figure 9 . The magnetic field increases from −1.45 at 13:43:28.717 UT to 0.05 at 13:43:28.895 UT. Adopting the propagating speed of ∼220 km/s, the current density is ∼−30 nA/m 2 , with a spatial scale of ∼40 km that is consistent with the previous <50 description. On the other hand, we can use the ∼40 km thickness estimate from the magnetic field with the PEACE current density estimate to infer a magnetic perturbation in the range 1.01-2.92 nT, consistent with the observed change in B m . We need to point out that the current derived from a single-spacecraft magnetic observations is not very reliable for such a small region within a DF, since in this calculation we have assumed that the magnetic field change is caused by the 1-D small-scale current sheet. However, as reported in previous studies [Liu et al., 2013a; Yao et al., 2013b; Sun et al., 2013] , the current system around the DF is more complicated than a simple 1-D current sheet. In addition, the magnetic field perturbation might be due to the moving of current structures from other regions, such as the magnetic dip region. The propagation speed of the DF and the Maxwellian fitting result might be two reasons for this inconsistency, which cannot be significantly improved in the current observations. In addition, the Y component of electric field increased ∼30 mV/m within 0.2 s on this DF (not shown in this paper), which may suggest a strong displacement current that does not perturb the magnetic field. The magnetic perturbation also suggests that the FAC obtained by curlometer is underestimated. The severe underestimation of current density from curlometer is a nature consequence when this technique is applied in small-scale line currents, which is carefully discussed in Forsyth et al. [2011] . They have also indicated that this underestimation is not well represented by the curlometer error indicator, i.e., |∇ ⋅ B∕∇ × B|. Although the current density carried by the electron beam is very intense, the small spatial scale implies the total current is much smaller than the current associated with a substorm. Moreover, the beam energy is a few hundred eV, which is relatively too small to cause auroral intensification. It is thus unlikely that this beam plays an important role in driving a substorm current system.
The generation of the small-scale electron beam may be a result of magnetic reconnection, the local parallel electric field, auroral acceleration region, and wave-particle interaction. Although Sun et al. [2014b] conclude that the electron is frozen-in on the DF, it is worthy to reanalyze the possibility of the parallel electric field on the DF since their analysis has not considered any substructures on the DF. The typical energy range of electrons accelerated by magnetic reconnection in the magnetotail is a few keV to tens of keV [Nagai et al., 2001; Hoshino et al., 2001; Asano et al., 2008; Chen et al., 2009] , while the observed electron beams in our event are a few hundred eV, which is not a typical value associated with reconnection. The outflow field-aligned beam from ionosphere might be a potential source for this beam since the beam is very cold (thermal energy is ∼22-43 eV), while the dynamic energy is ∼420 eV that is a usual value in the auroral acceleration region [McFadden et al., 1999; Chaston et al., 2002] . We cannot further discuss the mechanism since there is no available high-resolution wave data and 3-D electric field. However, future studies with MMS data with 3-D electric field measurements and high-resolution wave data would be ideal for determining the electron beam generation mechanism (e.g., parallel electric field acceleration and wave-particle interactions) on the DF.
In conclusion, using novel Cluster measurements, the new findings in this paper are summarized as follows:
1. We report the first observations of the existence of the electron beam substructures on the DF from multiple data products of Cluster PEACE instrument, in advance of the routinely available high-resolution data from MMS. 2. We question the reliability of the field-aligned current derived from the curlometer technique in the region ahead of the DF. We propose a new criteria to be considered as an indication of reliability. 3. The beam presented in our paper has a scale of <50 km, which carries current density of ∼20-58 nA/m 2 . This current density is much greater than the averaged field-aligned current density obtained from the curlometer in this paper and those reported by the previous papers [e.g., Yao et al., 2013b and Sun et al., 2013] , while is more consistent with single-spacecraft magnetic field-derived current density. 4. The parallel beam has a very narrow pitch angle distribution (<15 ∘ ), and the current carried by this beam quickly decreases toward the high B z region, followed by an antiparallel in ∼1 s later. 5. Higher time resolution particle data and multispacecraft with smaller spatial scale separations, e.g., the MMS mission, are required to fully understand the dynamics associated with DFs.
